ABSTRACT: This paper describes the amplitude-dependent dynamic characteristics of a nine-story building in Sendai before, during, and after the 2011 Tohoku earthquake. The dynamic hysteresis characteristics are investigated using actual observations. Findings on induced higher harmonics on the basis of wavelet analysis suggest partial uplifting in the transverse direction. These features are consistent with the damage. Using long-term monitoring data from micro to strong motions in the building (40 years since its completion), the historical changes in the dynamic characteristics are also explored.
INTRODUCTION
The Great East Japan Earthquake (Mw 9.0), which occurred on March 11, 2011 , hereafter denoted as the 2011 Tohoku Earthquake, inflicted severe damage in wide area of Eastern Japan, particularly the Tohoku region. The long period of continuous strong motion caused vibrational damage to several buildings.
Seismically retrofitted eight-and nine-story buildings at Tohoku University's Aobayama Campus in Sendai suffered severe damage. Despite the earthquake-inflicted damage and the subsequent dismantling and repairs, very valuable observation records were obtained with maximum acceleration of 333 cm/s/s on the first floor and 908 cm/s/s on the ninth floor in the building of departments of Civil Engineering and Architecture, School of Engineering, Tohoku University. The building is hereafter denoted as 'THU building'. The authors have analyzed the amplification characteristics of the observed records at Aobayama in relation to the records from beneath the Sumitomo Building near Sendai Station, which belongs to the Sendai seismic network. The data suggests that Aobayama Hill experienced two-times amplification around the one-second period contents compared to Sendai Station, and that the amplification characteristics were the same as those recognized in the 1978 Miyagi-ken Oki earthquake. The authors have indicated that one of the major factors contributing to the damage to the nine-story building was resonance, owing to the ground motion with the one-second period contents.
Based on investigation on the observed ground motions and building damage, the authors have reported overview of the ground motions characteristics and building damage 1) , and have reported the azimuth dependent ground motion amplification characteristics on Aobayama Hill 2) . Despite the previous analytical record of the observations for THU building 3) , the directional differences in the building's dynamic behaviors are still not sufficiently investigated.
In this study, however, the authors describe the amplitude-dependent dynamic characteristics of the building from micro tremors to the strong-motion level based on long-term monitoring data for about 40 years, since the completion of the building, which was damaged by the 2011 Tohoku Earthquake. The monitoring data include the main shock from the Tohoku Earthquake, a foreshock, and aftershocks. The authors also describe the differences of dynamic hysteresis characteristics in horizontal two directions and changes in the dynamic characteristics that resulted from temporal reinforcement work in areas affected by the 2011 Tohoku Earthquake.
Prior studies on the dynamic characteristics of buildings include the papers by authors 4) , and Kashima 5) for a soil-structure system of an eight-story SRC building from 1998-2005, and Kawashima et al. 6) for the same building from 2005-2008. Kashima also reported changes in the dynamic characteristics of the same building for the 2011 Tohoku Earthquake 7) . Moreover, Ogata et al. 8) reported the changes of the dynamic characteristics of a nuclear reactor building. However, the investigation of nonlinear dynamic behavior based on observation data, such as nonlinear dynamic hysteresis or partial uplifting is not sufficiently performed.
OBJECTIVE BUILDING AND ITS DAMAGE

Objective Building
The objective building is THU building, which is a nine-story non-full web type SRC building, completed in 1969. The first two floors form its lower portion with set back at the 3rd floor (refer to the overview of the building in Photo 1). Fig. 1 shows the floor plan of the first and third floors. Seismic resistant elements comprise the columns, the shear walls of the gable sides, and the core walls around the staircases. The building is nearly symmetrical in the north-south (transverse: TR) direction with uniaxial eccentricity in the east-west (longitudinal: LN) direction. Fig. 2 shows the topography of the building's surroundings and cross-sections of the ground. Fig. 3 shows the two soil profiles of the site. The building is supported by a 12-m long RC cross-pile with an N-value of 50 for the tip of the pile at the building's west side and 30 for the east side. The building experienced the 1978 Miyagi-ken Oki earthquake. Shiga et al. 9) provided a detailed report of the damage due to this earthquake. From fall 2000 to spring 2001, seismic retrofitting was performed. Fig. 4 provides a breakdown of the seismic retrofitting. This involved replacing the damaged gable shear walls (R1), increasing the number of braces to prevent torsional motion (R2), reinforcing the boundary beams near the core walls (R3), and reinforcing the floor to transfer the seismic load on the building to both gable walls (R4). R1 seismic retrofitting was performed on all floors, R2 on floors 3-8, R3 on all floors, and R4 on floors 3-9. The seismic index of the building (Is) before and after the seismic retrofitting work is listed in Tables 1 and 2 , respectively. The Is value increased from 0.54 to 0.84 at the heavily damaged third floor in the transverse direction
The authors performed vibration tests using an exciter before and after the seismic retrofitting, and confirmed the changes of dynamic characteristics along with estimating the stiffness reduction owing to the damage due to the 1978 Miyagi-ken Oki earthquake 4) . Furthermore, the authors evaluated the sway and rocking ratios before and after the earthquake (ref. th floors of the building. This system allowed the observation from microtremors to strong motions. The authors are working toward system development by combining structural health monitoring with an earthquake early warning system 11) . 
Summary of the damage from the 2011 Tohoku Earthquake
The authors observed significant damage to all the base of the four corners columns on the 3 rd floor during a survey conducted the day after the 2011 Tohoku Earthquake. Photos 2-4 show the damage to the building. The base of the columns was heavily damaged because of the varying axial forces due to the bending vibration of the east-west gable shear walls (multi-story shear walls). Buckling of the steel web and fracturing and buckling of the main bars was also observed. In addition, from the cracks in the gable walls in the 3 rd floor (Photo 4), the authors considered the possibility of partial uplifting of the upper part from the 3 rd floor after the column base's failure, and analyzed the observed waveform focusing on the induced higher harmonic frequency contents 12) . After the April 7 aftershock, the authors confirmed the peeling of the cover concrete of middle column on the east side and buckling of the main bar; although, in the survey taken the day after the main shock on March 11 the authors did not observe peeling of the cover concrete of the middle column. Table 2 Is-Values after the seismic retrofit The authors inspected the condition of the exposed main bars of the heavily damaged columns' base a day after the main shock of Tohoku Earthquake, and confirmed the existence of rust in the failure sections due to past earthquake and also new failure due to the Tohoku Earthquake.
ANALYSIS OF THE OBSERVED RECORD DURING THE TOHOKU EARTHQUAKE
Sensor locations and observation records
The SMAC-MD-type strong-motion seismometers (Building Research Institute management) are installed on the 1st and 9th floors of the building. Since December 2007, the authors have also installed a monitoring system in the Tohoku University Disaster Control Research Center that makes possible continuous observations of movements ranging from microtremors to strong motion. This system uses three seismometers with three-component high-sensitive MEMS sensors (microSMA) on the 1st, 5th, and 9th floors. By the way, the authors analyzed the ground motion amplification characteristics of the Aobayama to Sumitomo Building near Sendai Station, reported that the amplification characteristics in the north-south direction showed no amplification for Phase A at around 1s period contents, whereas Phase B showed two times amplification similar to the 1978 Miyagi-ken Oki Earthquake 2) . It is noted that the resonance of the building to the amplified shaking is one of major factors contributed to the damage.
Dynamic hysteresis characteristics
To analyze the dynamic hysteresis characteristics from the actual records, the authors calculated the relative displacement from the displacement waveforms obtained by the double integration of the acceleration waveforms for the 1 st and 9 th floors. Fig. 9 shows the relative displacement waveform for the north-south direction (transverse direction). The maximum relative displacement is 31 cm. It is possible to evaluate the apparent dynamic hysteresis characteristics, assuming that the relative displacement waveform apparently represents deflection of the building and the 9 th floor acceleration record corresponds proportionally to the inertia force acting on the building. Fig. 10 shows the dynamic hysteresis characteristics in the north-south direction for several time sections. The findings from this figure are as follows: 1) Starting from linear behavior at smaller amplitude level, hysteresis shows the reverse 'S' shape slightly as recognized in section 5. Then shows linear behavior but the stiffness is reduced in section 6 compared to section 1. 2) Then, with increasing displacement, the hysteresis shows softening and hysteretic loop is recognized only for the larger displacement level. The hysteresis shows the origin oriented behavior as recognized in (section 7).
3) The fundamental natural frequency decreases from 1 Hz to 0.8Hz from section 7 to section 10.
This natural frequency change corresponds to the apparent stiffness reducing to 64%. 4) Then decreasing the displacement, the hysteresis shows the characteristic reverse 'S' shape in section 9. Although the amplitude decreases from Section 9 to Section 10, stiffnesses are almost the same, which consistent with the dominant frequency reduction. 5) Then decreasing displacement gradually returns to linear behavior with the reduced stiffness in sections from 13 to 16 compared to section 6. The stiffness change is consistent with microtremor observation before and after the earthquake. 1) The relative displacement in the east-west direction is 18 cm, which is 58% of 31 cm in the north-south direction.
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2) The time when the largest value for relative displacement occurred was approximately 82 s (section 7) in the north-south direction and 90 s (section 10) in the east-west direction. 3) Looking at the dynamic hysteresis characteristics for the time near the largest value of the eastwest direction (section 10), the origin oriented hysteresis cannot be observed characteristics as is recognized in the north-south direction. 4) In the east-west direction, the effect of higher modes' vibration was clearly confirmed in sections 8 and 9.
System identification
To analyze the non-stationary dynamic characteristics associated with the nonlinearity of the building structure, the authors conducted system identification using the extended Karman filter and evaluated the natural frequency and damping factor of an equivalent single degree of freedom system 13). Fig. 13 shows the identified natural frequency and damping factor for the north-south and eastwest directions. In this figure, the estimated waveforms using parameters obtained from the system identification and the relative displacement waveforms obtained from observations are comparatively shown. The smoothed trends in the time direction for the identified natural frequency and damping factor are also shown.
The following findings are found from these figures. 1) In the north-south (transverse) direction, the natural frequency decreases to approximately 1.0 Hz for phase A, whereas for phase B it decreased to approximately 0.8 Hz. Relatively large amplitudes continues until the 135-second point. Although the amplitude after this point decreases, there is no change in natural frequency. This means that even if the amplitude is small the building vibrates by the same stiffness as the largest amplitude point. 2) The damping factor in the north-south direction increases along with the amplitude (Fig. 10,  section 7 ). In the time section with the reverse 'S' shape, the damping factor decreases as the amplitude increases.
3) The natural frequency of the microtremor level for the day prior to the earthquake was 1.61 Hz in both directions, as explained later. Although the natural frequency in the east-west (longitudinal) direction decreases to 1.0 Hz in the phase A, which is almost the same as in the north-south direction, the natural frequency for phase B decreases to approximately 0.9 Hz and recovered to 1 Hz with decreasing amplitude. 4) The smoothed damping factor for the east-west direction is larger than the north-south direction. This is attributed to the differences in hysteretic energy consumption.
Partial uplifting
In general, when the partial uplifting of a structure occurs, the odd higher harmonic components in the horizontal direction and the even higher harmonic components in the vertical direction are indused 14) . Fig. 14 shows the wavelet coefficients, based on the analysis using Morlet complex wavelets 15) , of the non-stationary characteristics of the acceleration waveforms for the 9th floor for section 10 (80-90 s) with large amplitude vibrations. Figs. 15(a) and 15(b) show the wavelet coefficients vertical direction acceleration waveforms for the 9 th and 1 st floor, respectively. The following findings are obtained from these figures.
1) From the wavelet coefficient of the vertical direction for the 9th floor, the 2-times higher harmonic components (1.6-1.8 Hz) are clearly recognized in sections 7-9 in Fig. 11 ; however, this frequency components for the vertical direction on the 1st floor cannot be seen and thus the vertical motion at the 9 th floor is considered as the induced vertical motion. 2) In addition, the 4-and 6-times higher harmonic components are induced and, in combination with the 2-times higher harmonic components, the even higher harmonic components are induced consistent with the amplitude level. This suggests partial uplifting of the upper part from the 3rd floor.
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AMPLITUDE-DEPENDENT DYNAMIC CHARACTERISTICS BASED ON LONG-TERM MONITORING
Dynamic characteristics before and after the foreshocks, main shock, and aftershocks of the 2011 Tohoku Earthquake
As noted above, the authors performed microtremor observations, forced vibration tests, and earthquake observation data analysis for the building since its completion in 1969. The authors investigated the amplitude-dependent dynamic characteristics before and after the seismic retrofitting, which took place from the fall of 2000 to spring of 2001 4) . Table 3 lists the first natural frequencies for the foreshocks, main shock, and aftershocks of the 2011 Tohoku Earthquake and also for the microtremors before and after these earthquakes. The natural frequencies are evaluated as peak frequencies of the transfer functions obtained from the 1 st and 9 th floor records as natural frequencies.
The natural frequencies at the microtremor-level in both directions prior to the Sanriku Oki foreshock occurred on March 9, were 1.61 Hz, whereas the frequency at the microtremor-level after the foreshock decreased to 1.26 Hz in both directions. However, there was a relatively large decrease in the north-south natural frequency compared to the east-west direction for the main shock on March 11, which is consistent with the damage. The natural frequency decrease for Phase B was remarkable, whereas the stiffness decrease to 23% in the north-south direction and 30% in the east-west direction -when squaring the ratio of the microtremor-level natural frequency to the main shock's natural frequency. Relative to the main shock, the natural frequency at the microtremor-level after the main shock decreased to 53% in the north-south direction and to 72% in the east-west direction.
The damaged building had temporal retrofitting (countermeasures by RC Pia and steel rods for varying axial force and one-span shear wall reinforcements in the four corners) done in May, 2011 to ensure that the moving of equipment and other work could be done safely. Fig. 16 shows the changes in the microtremor-level natural frequencies corresponding to the reinforcement work. The natural frequencies in the north-south and east-west directions were 1.17 Hz and 1.37 Hz, respectively, before the temporal reinforcement work and changed to 1.37 Hz and 1.48 Hz afterwards. The natural frequency changes were recognized in the transverse (north-south) direction when the bolts of the reinforcing rods were tightened and penetrated the 3rd floor to reinforce its four corner pillars, and when the one-span shear walls were added on the 3rd floor in the longitudinal (east-west) direction. Moreover, it is worth mentioning that the microtremor-level natural frequency on May 3, before the reinforcement work, was the same as the natural frequency of the microtremor-level after the aftershock on March 19. This shows that there were no changes in the natural frequency of the microtremor level even after the aftershocks on April 7 and 11, which seems to be controversy to the damage extension as described in section 2.2. But it is suggested that the visible damaged parts do not contribute to dynamic stiffness of the building in the small amplitude level like microtremor. It is necessary to collect more data in the future to interpret this phenomenon. Table 4 lists the maximum acceleration of the major earthquake observation records for approximately 40 years since the completion of the building. Similar to Motosaka et al. 4) , Fig. 17 shows the relation between the deflection angles and the 1 st natural frequencies in the divided four periods as the investigation of the amplitude-dependent dynamic characteristics. In this case, the authors evaluated the deflection angles by using the maximum displacement obtained by integrating the 9th floor acceleration records, and dividing them by the building height. These four periods are as follows: term 1 is the period between the completion of the building until the 1978 Miyagi-ken Oki Earthquake; term 2 is the period from the 1978 Miyagi-ken Oki Earthquake until the seismic retrofitting in 2000; term 3 is the period between retrofitting and the 2011 Tohoku Earthquake; and term 4 is the period following the Tohoku Earthquake. Moreover, term 3 is divided into two components wherein term 3a is until the June 14, 2008 Iwate-Miyagi Nairiku Earthquake and term 3b is from June 14, 2008 until March 9, 2011. Term 4 is also divided into two parts wherein term 4a is between the 2011 Tohoku Earthquake until the time of the temporal reinforcements and term 4b is the period after the reinforcements. It is found from the figures, the following findings are obtained.
Amplitude-dependent dynamic characteristics based on long-term monitoring
1) The amplitude level of the Tohoku Earthquake for phase A is smaller in the north-south direction than the deflection due to the 1978 Miyagi-ken Oki Earthquake, and the natural frequency is higher. On the contrary, although the amplitude is lager in the east-west direction, the natural frequency is higher. This indicates that the effect of seismic retrofit on the increase of the natural frequency is stronger compared to the decrease in the amplitude level not to cause significant damage. In phase B, the amplitude levels are higher than the 1978 Miyagi-ken Oki Earthquake in both directions. 2) Changes in the natural frequency of the 2011 Tohoku Earthquake are larger in the north-south direction than east-west direction and correspond to the damage feature. 3) Based on the continuous observation, the natural frequency of the microtremor-level is not changed if the displacement level did not exceed the largest displacement experienced in the past, as shown in Fig. 18 .
CONCLUSIONS
During the 2011 Tohoku Earthquake, THU building (9-story SRC building) was heavily damaged due to resonance to the amplified one-second period contents, which was attributed to the ground conditions of the Aobayama hill. In this study, the dynamic behaviors of the building during the earthquake are investigated together with the changes of the dynamic characteristics due to the foreshock, main shock, and aftershocks. Based on the long-term monitoring (40 years) from microtremors to strong motion since the completion of the building, the amplitude-dependent dynamic characteristics are also investigated. Thus, the following findings are inferred.
1) Based on the investigation of the dynamic hysteresis for the heavily damaged north-south direction, the origin-oriented hysteresis was identified around the time of maximum deflection and the reverse 'S' shape hysteresis was recognized based on the actually obtained earthquake obtained records. 2) The amplitude dependency of the natural frequencies and damping factors is investigated based on the system identification using the observation data in the heavily damaged building. 3) From the nonstationary spectra based on wavelet analysis, the induced higher harmonic components were confirmed, which suggests the occurrence of the partial uplifting of the upper part of the building from 3 rd floor. This is consistent with the concrete crack and main bar's buckling of the middle column recognized The authors believe that the above information on amplitude-dependent dynamic characteristics based on long-term monitoring of the damaged building will contribute to seismic resistant design of building structures in future. and confirmed the changes in natural frequency before and after the retrofitting. The authors also estimated the stiffness decrease owing to the building damage due to the 1978 Miyagi-ken Oki Earthquake 4) . Moreover, the sway and rocking ratios of the building were evaluated.
The appended Table 1 lists the natural frequencies before and after the retrofitting evaluated using the peak frequencies of the resonance curves. The appended Table 2 lists the sway and rocking ratios before and after the retrofitting. The data regarding the dynamic characteristics from the vibration tests will be useful for simulation analysis and for creating analytical models of the building to investigate the comparison of the dynamic behavior and damages due to the 1978 Miyagi-ken Oki and 2011 Tohoku earthquakes. Appended Table 2 Sway and rocking ratios before and after the seismic retrofitting Appended Table 1 Changes in natural frequency before and after the seismic retrofitting
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